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Abstract : The residual stress plays a key role in detrminin: the l i f e  and dimcnrion~l Elability of n prccirion 
machine component. This aflicle review the vuious factors leading lo the funnation of rrriduol StremrS and 
describes the x-ray diffraction technique for the mea~uemrnt  of residual T ~ R S S L . ~ .  Emphusir is given Iu the recent 
develapmmt8 which. permit the estimntion of(a) triaXial sresses, (b) slresses in the vitrioim pliasrr of a mult iphsc  
material such as ceramic composite$, and (c)  the SUCIECS in Composites containing non-crystalline or poorly 
crystalline marrrinls such BE polymer matrix composites. Some rxamplr~ are given from the work carried out at the 
National Aerospace Laboratories. 
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1. INTRODUCTION 
The stresses that are present in a body in the absence of externally applied loads and 
body forces are termed as the residual stresses. Residual stresses can arise in almost 
every step of manufacturing pro~ess'.~. The  main cause of residual stress formation is 
inhomogenous deformation. The processes involving high temperature5 often lead to 
residual stresses as different regions cool at different rates causing inhomogenous 
deformation. Localised heating by the welding arc and the subsequent rapid cooling leads 
to the formation of residual stresses in weldments. The magnitude of residual stress in 
regions near the weld can be as high as the yield strength of the material being welded. In 
heat treatment of metals, if it is cooled rapidly, the surface and the interior contract at 
different rates. The surface regions, because of the temperature gradient, contract more 
than the interior. By the time the interior begins to cool, the outer regions are already rigid, 
resulting in compressive stresses at the surface balanced by tensile stresses in the 
interior. However, if the material undergoes phase transformation with volume changes, 
the state of stress gets altered. In some cases tensile residual stresses are observed. 
Residual stresses are set up in composites when the matrix and the reinforcement have 
different coefficients of thermal expansion and the curing is done at elevated 
temperatures. For example in carbon fibreiepoxy laminates the thermal expansion 
coefficient of carbon in the fibre direction is - I . ~ X I O ~ ~ / ~ C  and that of epoxy 4 5 ~ 1 0 - ~ / ~ C .  
The curing temperature is 170OC. Curing stresses in certain CFRP laminates may be 
large enough to cause ply failure in the absince of applied stress, or premature failure 
upon tensile loading. A1203/SiC ceramic whisker composite is a high temperature material 
with high strength and high stiffness. The thermal expansion coefficient of u-A1203 is 
8 . 3 4 ~ 1 0 . ~ / ~ C  and that of D-SiC 4 . 4 5 ~ 1 0 - ~ / ~ C .  Tensile stress is observed in the A1203 
phase and very high compressive stress in the Sic fibre. In metal matrix composites also 
very high residual stresses are formed. The thermal residual stresses have a profound 
influence on the performance of the composite. The magnitude of stress depends on the 
processing parameters, volume percentage of the reinforcement and the surface 
treatment given to the composite. In finishing operations such as electrodeposition 
process also, occurrence of high residual stresses is observed 6 
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Residual stresses can be beneficial as well as 
detrimental'? The service stresses are super- 
imposed on residual stresses. Compressive 
surface residual stresses are desirable for they 
inhibit (i) initiation and propagation of fatigue 
crack and (ii) stress corrosion cracking. Many 
fabrication processes have been developed to 
exploit this phenomenon. Shot peening and 
other treatments are used to impart 
compressive stresses onto the surface of 
Fig,l Oeflnition of the angles 4' and w and components. The deleterious effects of residual 
orientation ofthe laboratoly system with stress in a member are observed only 
after external loads or environmental effects are 
introduced, such that the combined effects cause noticeable damage. In the presence of 
residual stress, fatigue failures can be produced under external loads which by 
themselves would not have done so. Environments, which by themselves are not 
particularly damaging to a given material. cause failures in the presence of tensile residual 
stresses due to stress corrosion. The residual stresses in weldments cause distortion and 
other complex effects, most of which are undesirable. Castings with appreciable residual 
stresses are found to distort during storage, machining and service. High tensile residual 
stresses in electrodeposits lead to cracking, peeling and bllstering of the deposits, and 
shrinkage and distortion of the articles plated. 
/p$ 1 p, L ~~~~ -~ ~- ~- 
- 
respect to the sample system PI 
2. STRESS MEASUREMENT BY X-RAY DIFFRACTION 
YI X-ray diffraction was first applied to stress measurement in the year 1925. The earl experiments used photographic method to record the diffraction pattern. Haskell 
developed the elasticity equatlons in a form that could be applied to x-ray diffraction case. 
The principle of the method is discussed at length in books on x-ray diffraction '-lo. When 
a beam of monochromatic x-rays fails on a polycrystalline material, diffraction occurs from 
those crystallites which are oriented to satisfy the Bragg's law 
where h is the wavelength of the incident radiation, 
A = 2dsinD (1 ) 
d the interplanar spacing and 
8. the Bragg angle, is the angle the incident beam makes with the diffracting plane. 
In the case of a stress-free material, the interplanar spacing d,  for a particular reflection 
(hkl), is constant from one crystallite to another. When it is deformed elastically, the lattice 
spacing of the crystallites change from their stress-free values, and cause a shift in the 
Bragg angle. The strain calculated from this shift is termed the lattice strain. The lattice 
strain will depend upon the orientation of the reflecting group of crystallites with respect to 
the direction of stress. 
The effect of stress on x-ray diffraction can be conveniently discussed by considering two 
sets of orthogonal ca-ordinate systems shown in Fig.1. The axes Pi define the specimen 
with P, normal to the surface. It is required to measure stresses with respect to this 
co-ordinate system. The Laboratory system Li is,defined such that L, is in the direction of 
normal to the family of planes (hkl) whose spacing is measured by x-rays. L2 is in the 
plane defined by P, and P, and makes an angle 4 with P,. The diffraction measurements 
are made in the Li system. The two co-ordinate systems are oriented with respect to each 
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other by the angles v, and 4 .  If the lattice spacing d$v is obtained from the measurement 
of the position of the diffraction peaks for a given (hkl), the strain along L3 is given by 
where do is the spacing of the planes in the.stress-free state. In terms of the strains E , ~  the 
lattice strain can be written as 
eav = [ E , ,  cos’+ + E , 2  sin24 +cZ2 sin’+ -E,,]sinzy + E , ,  C O S ~  + E ~ ,  sin4Isin2y (3) 
This is the fundamental equation for x-ray stress determination. The stresses in the Pi 
co-ordinate system are gtven by 
where the elastic stiffness coefficients C,, are referred to the Pi system. If the material is 
isotropic, the stresses can be calculated using the relation 
0.. = c. E 
ij l l k l k l ,  
where 6, is the Kronecker delta function, 
+ S , = ( ~ + V ) / E  and & = - V I E  (5 )  
S, and is, are referred to as X-ray Elastic Constants (XEC). The XEC are in general 
different from the bulk elastic constants . 
Three interesting cases are observed from a closer examination of equation(3) 
(a) If the shear components EI3 and EZ3 are zero, the expression reduces to 
e4, - [E I, cos2 + + E , 2  sin2+ + E , ~  sin2 + - ~,,]sin’w + E 3 3  (6)  
and we get a linear relationship between d and sin’ y as shown in Fig.2a. 
(b) When either or both shear components E , ~ , ,  &23 are non zero, the interplanar spacing 
d measured at positive and ne ative v, will be different due to the sin 2141 term. This 
causes a split in the dversus sin y data, and this effect known as y splitting” is shown in 
Fig.2b. 
(c) Equation (3) is derived on the assumption that the bulk material is elastically isotropic. 
This requires a random, orientation of the crystallites. However, the metal processing 
methods can develop texture. In such cases the d versus sin2y plots exhibit an oscillatory 
behaviour (Fig. 2c). In case of steep stress gradients the d versus sinzip plot is found to 
be slightly curved instead of a straight line. 
The strains depend on the angles 4 and w . Two choices are possible [ i )  the strains  can be measured as a function of y for fixed values of 4 . This is the conventional 
y-differential method. Depending on how w is changed there are two techniques called 
the iso-inclination method and the side inclination method. (ii) the strains are 
9 
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Fig 2 Types of d vs sm2y plot commonly encountered In residual stress analysis 
measured as a function of @ for fixed values of w . This is called the phi-integral 
method". Any one of these techniques can be followed, and strains and stresses 
determined. 
In most of the cases, especially in metals, the penetration depth is small. And if steep 
stress gradients are not present, the equations for stress measurement can be simplified 
by assuming a biaxial state of stress, the stress normal to the free surface being zero. The 
d-spacings are measured for different 'y values and the stress calculated using the 
relation 
For practical purposes, do in the denominator can be replaced by dl without introducing 
much error. Here, dL refers to the d-spacing with y=O. The quantity 
dw -dl is determined by a least square procedure by measurement at different 
\,I values. In case the penetration depth is high, as in case of ceramic composites, or if 
steep stress gradients are present, the equations pertaining to the generalised 
3-dimensional case of stress are to be used. Ei, are calculated by determining e4v at 4 = 
0, 90 and 45'. At each $ ,measurements are to be done at both positive and negative 
values 11,13. &,i are converted into stresses using equation(4). 
2.1 Stresses in multiphase systems 
One of the major advantages of XRD'method is its ability to measure stresses 
individual phases of a multiphase material. Macrostresses arise from diffe 
processing from one macroscopic region to another e.g.: between surface I 
interior as a result of cutting, grinding, temperature gradients during cooling etc. They 
defined to be the same in each phase (the mechanical methods detect only this tYP 
stresses). Microstresses arise from microscopic constraints between the phases, ca 
for example, by differences in thermal expansion and elastic constraints, and bo 
d, sin'yr 
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between the phases. Consider a two phase composite processed at high temperature. At 
the processing temperature the contact boundaries between the two phase particles are 
bond well, and on cooling to room temperature the bulk material contracts. If the two 
phases have different coefficients of thermal expansion, they try to contract by different 
amounts. A good bonding on the contact surfaces of the two-phase particles imposes 
constraint on free contraction. The phase with larger coefficient of thermal expansion is 
left in tension, while compressive stress in particles of phase with a lower thermal 
expansion provides the force balance. The actual magnitude of stress in individual particle 
will depend on its orientation with respect to the neighbouring particles since the particles 
in general have anisotropic thermal and elastic properties. Thus if a large enough volume 
compared to the size of the particles is considered, phase 1 will have a mean tensile 
stress which will cause a shift, and a broadening of the diffraction peak. Similarly phase 2 
will have a mean compressional stress. It may be noted that stress in any direction in the 
bulk sample is zero. Thus, we have a very special case where the stress in the two 
phases cause peak shifl in the absence of a resultant stress in the bulk material. For this 
reason, these stresses are called pseudo-macrostresses (p-m s t re~ses )~ .  
Methods have been developed to separate the macrostresses from p-m stresses. The 
stresses obtained from the shifl in XRD lines contains contributions from macro, 
pseudo-macro as well as applied stresses.The contributions from the macro and p-m 
stresses may be identified by considering !he conditions of equilibrium. The average 
stress obtained from any phase can be written as 
where k=a, 0 , for a two-phase material. oi: is the macrostresses and (oii)p,k the p-m 
stress in the kth phase. Macrostresses u i y  must satisfy the usual conditions of 
equilibrium. These equations along with a knowledge of the volume fraction of the phases 
are used to separate out the macro and p-m stresses. 
3. EQUIPMENT 
In the initial stages, stress measurements were carried out by the photographic method 
using back reflection cameras. Slowly the emphasis shifted to diffractometer as it is faster 
and gives higher precision on measurements. However, the photographic method has still 
some advantages , The method is simple and is comparatively less expensive. Further, 
beam size can be alfered and .point to point measurement possible. Recent advances in 
photosensitive miuochips ‘and photodiode arrays are slowly replacing the x-ray films. 
These solid state cameras combine the desirable features of the traditional film camera 
and diffractometer techniques. For stress analysis usually two photodiode arrays are 
positioned symmetrically around the collimator in analogy to the conventional back 
reflection film te~hn ique ’~ .  Data acquisition and processing are done by microcomputers, 
With this set-up measurements can be done rapidly, individual exposures being a few 
seconds and stress in any particular direction being determined within a minute. 
The conventional diffractometers can be used to measure stresses. But the size of the 
sample which can be examined is limited. To measure residual stresses in large 
components or assemblies, mobile stress diffractometers are to be used. They are 
commercially available. 
3.1 Factors affecting precision 
A few factors affect the precision of x-ray stress measurement, and one should be aware 
of them while using the technique. One relatively major and sometimes troublesome 
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problem is the positioning of the specimen surface along the axis of the goniometer. 
may prove to be rather difficult when the geometry of the specimen is complicated 
errors can be theoretically ~a lcu la ted '~ , '~  and corrected or experimentally correcte 
using a thin layer of calibrating substance on the surface of the specimen. Parallel 
geometry is employed to reduce the sensitivity of displacement error on sample 
But the sharpness of the diffraction peak is lost ' leading to 1ess;precise estima 
peak position, The 8- dependent factors which affect the diffracted intensity are 
polarisation and absorption factors. These corrections need be applied only in c 
broad lines. Another source of error is the use of elastic constants. The intensity e 
the detector arises only from the crystaliites that are suitably oriented. Naturally the 
E and v obtained from mechanical testing can lead to errors, serious in certain 
X-ray elastic constants can be theoretically calculated or experimentally determi 
case of textured materials, the non linearity in d versus sin'y, makes the calculation 
stress difficult. Different methods have been suggested for the calculation of stre 
in such cases. 
3.2. Surface preparation 
Since the penetrating power of x-rays used for diffraction is small, the surface pr 
is very important. If there are pits the stress value determined by x-rays may no 
true stress. The surface should be smooth. This can be achieved by surface 
followed by mechanical polishing. The disturbed layer should be remo 
electropolishing. However, the surface should not be touched at all prior to 
measurement if the aim is to measure residual stresses caused by treatment such a 
machining, grinding, shot peening etc. 
3.3 Limitation 
The main limitation of the method is that it can be used only for the evaluation of 
residual stresses. If stress distribution through the thickness is required the surfac 
have to be removed by electropolishing . For non-destructive depth profiling of resl 
stresses, neutron diffraction is the best method. The neutron diffraction method h 
successfully used in profiling of residual stress gradients in heat treated, joined 0 
metallic, ceramic or composite materials; determination of triaxial stress tenso, 
gradients in the interior of solid material: and stress concentrations around holes 
etc. Though the method has many advantages, it is not very popular as it iS C 
neutron sources are available only in a few places. 
4. SOME EXAMPLES 
A few cases are presented to illustrate the capabilities of XRD' techniqu 
measurement of residual stresses in different types of components and materials. 
4.1 Residual stresses In artificial heart valve cages 2o 
The mechanical heart valve consists of three parts: an occluder, a cage made 
house the occluder and sewing ring. The cage is machined from a solid block 
25 cobalt base superalloy. The cage has ring section (Fig. 3) and three struts 
these struts are longer than the third one, and are referred to as major struts. T 
locations were identified as the places where the major struts join the ring se 
hence residual stress evaluations at these locations became necessary. The ar 
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Fig 3 The heart-valve cage Slres5 
measurements were made at the 
locations indicated by the arrows 
4.2 Residual stresses in ceramic 
which residual stress measurements were to be done 
is about 1 mm diameter. The cage was mounted on 
the diffractometer such that the area of interest was 
along the axis and only that portion was illuminated by 
the incident beam. This was achieved by using a 
smaller divergent slit and use of lead pieces to cut 
down the axial dimension. . The I+I differential method 
was followed, the diffraction peak positions being 
determined by the profile fitting procedure. The 
residual stress value was found to be 136 MPa 
tensile, which was too high for acceptance. The 
machining procedure was changed in the second 
cage which gave a stress value of +70 MPa. 
composites" 
The next example is a ceramic composite: a- Al,O,/ p-Sic (whisker). The incorporation 
of pSiC whiskers into g-A1203 produces significant increase in mechanical strength and 
fracture toughness. Residual stresses play a direct role in some of the failure processes, 
particularly whisker pull out, frictional bonding and the incidence of microcracking. The 
composites are hot pressed and the difference in thermal expansion coefficients causes 
formation of residual stresses. Residual strains in both the phases were measured by the 
XRD method and macro and p-m stresses separated out. The (146) reflection from 
alumina and (51 1,333) reflection from silicon carbide were found suitable for stress 
measurement and the profiles overlapped partially (Fig.4). Peak positions were 
determined using profile fitting program. The graphical and the generalised least squares 
procedures were used to compute the, triaxial strainistress components from the 
measured lattice strains. The strains and stresses in a sample with 29 vol. % of Sic are 
given in Table I. The shear components were almost zero and hence neglected. The 
macrostresses are tensile and low in magnitude, whereas p-m stresses are quite high in 
magnitude (compressive in the whiskers'and tensile in the matrix) and nearly hydrostatic. 
In this case the macrostresses are due to the grinding operation, whereas the p-m 
stresses are due to the difference in thermal expansion coefficients. 
4.3 Residual stresses in Al  alloy sheet/ Ararnid fibre laminated composites" 
Al alloy/ Kevlar-epoxy laminates, popularly known as ARALL, have many attractive 
properties like higher strength to weight ratio, higher UTS and fatigue properties 
compared to monolithic aluminium sheets. During fabrication, the laminates are subjected 
to a temperature of 120'C or higher. Since the aramid fibres have a negative coefficient of 
thermal expansion in the fibre direction, the as-prepared laminates have aluminium layers 
in tension . As tensile residual stresses affect the fatigue properties the laminates are 
often'prestrained to produce compressive residual stresses in aluminium layers. 
Arall consisting of three layers of L59 Al alloy and two layers of Kevlar epoxy composite 
were prepared and residual stresses in Al sheets measured by the XRD and strain gauge 
techniques. The x-ray measurements were made with a diffractometer using copper 
radiation and the high angle (51 1,333) reflection of Al. On each specimen, stresses were 
measured both parallel and perpendicular to the fibre direction. Residual stress in the Al 
alloy in the fibre direction was tensile and that in the perpendicular direction compressive. 
The magnitude of stresses varied from batch to batch, probably due to variation in the 
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P - a b l e  la. Total residual strains in a 
composite specimen 
SIC 
Ell(in 656 -1405 
(146) (511, 333) 
E~~ (in I o - ~ )  733 -1349 
E~~ (in I o - ~ )  433 -1680 
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Table Ib. Macro and p-m stresses 
, . Macrostresses .p-m stresses 
( M W  W'a) 
A$03 Sic ~ 
011 79 395 -957 
022 
0% 0 400 -956 ;', 
102 397 -961 
3: Kal peak of(146) a-AhOi 
4: Ko2 pe&of(146) a-Ai101 
132.60 133.74 134.88 136.02 137.16 138.30 
TWO -THETA (DEGREES) 
Fig. 4. Diffraction pattern of a ceramic composile specimen from 132.6' to 138.3' 2 8 showing raw data 
(crosses), profile fit to a pseudo-Voigt function showing the individual peaks with background subtracted (solid 
lines). the sum of the individual peaks plus background (solid lines through raw data), and the difference 
between the fit and the raw data (horizontal trace). 
resin-fibre ratio from batch to batch. The stress determined. by the two techniques agree 
quite well. The maximum residual stress observed was 33 MPa. 
4.4 Residual stress distribution in shot peened AlLi alloy sheetsz3 .: 
AlLi alloys are potential aircraft materials because of their light weight, high strength to 
weight ratio, good surface finishing, good corrosion resistance and reflectivity. It also 
exhibits good low temperature properties. A systematic study was undertaken to measure 
residual stress distribution in shot peened Lital A AlLi alloy sheets of thickness 
The residual stress measurements were carried out by the XRD method. To 
the stress distribution across the thickness, known thickness of the material is r 
from the surface of the specimen by electropolishing technique. The temperature 
electrolyte and the potential between the electrodes were adjusted to achieve u 
layer removal without pitting. In shot peened components, the magnitude 'of resi 
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Depth in mm 
0 1 T/ 0 1 5  02 
I .zoo I 
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Fig. 5. Residual stress distribution in in Lital A sheet 
peened with glass beads 
Fig. 6. Residual stress distribution in in Lital A sheet 
peened with steel shots 
stress induced depends on peening parameters such as shot size, shot velocity etc. 
Lital A sheets were subjected to shot peening using steel shots and glass beads. Shot 
peening was done normal to the surface at a pressure of 30 psi. These peening 
conditions gave an intensity of 8 thou Almen arc height for peening with steel shots and 6 
thou for peening with glass beads. 
The residual stress distribution in the Lital A sheets peened with glass beads and steel 
shots are given in Figures 5 and 6 respectively. For comparison residual stress 
distribution in the as-received Lital A sheet is given in Fig. 7. It is seen that in all cases the 
stress at the surface is compressive. In the as-received sample the magnitude of stresses 
in the rolling and trahsverse direction are different. In the as-received sheet the maximum 
compressive stress is observed at the surface. But in shot peened specimens the 
maximum compreksive stress is not observed at the surface, but at a depth below the 
surface. Further it can be observed that (i) the maximum compressive stress is larger for 
the sample peened with steel shots compared to that peened with glass beads. (ii) the 
depth at which the maximum compressive stress occurs is greater for the sample peened 
with steel shots. These can be understood and explained in terms of the kinetic energy 
imparted by the shots to the sample. 
4.5 Residual stress in First stage Turbine wheels 
To salvage the Turbine wheels taken from the accident engines, residual stress 
measurements were carried out on wheels (Fig. 8) removed from an overhauled engine 
and that removed from accident engine. The XRD measurements were done using a 
General Electric Goniometer. The x-ray diffraction profile was found to be broad with low 
peak to baokground ratio. This necessitated large counting time to reduce statistical 
errors. The peak positions were determined by profile fitting technique. The Lorentzian 
function was found to give the best fit of the observed profile. The measurements were 
done at a number of critical locations in both the wheels. Residual stresses in both the 
Fig. 8 . Turbine wheel 
discs were found to be compressive 
nature and the magnitude same wi 
experimental errors. 
4.6 Stresses in CFRP laminatesz4 
Residual stresses 
types (i) microstresses or p-m stresses i 
each ply of the constituent phase,within 
of the difference in thermal and moistu 
expansion between the phases. (I 
-90 
Fig. 7~ Residual stress distribution I" the as-received given Ply. These stresses becalls 
Lital A sheet 
macrostresses in each ply, considered to be homogeneous, having anisotropic.the 
and moisture expansion. These stresses arise because of the constraints by 
neighbouring plies. The XRD technique cannot be.directly.used to measure stresse 
polymer composites because the phases present do not give strong diffr 
But it is possible to measure residual stresses in these systems, if small 
particles with suitable diffracting characteristics are incorporated into the composite. T 
strains and stresses in these particles are measured by the XRD method and 
procedure adopted to relate these strains to the strains and stresses in the composite. 
Unidirectional CFRP laminates were made by stacking seven lay 
laying up, on the sixth layer, a very fine layer of Al powder was sp 
of the laminate was 1 .I mm. From these laminates specimens were cut for tensile 
calibration and residual stress measurement. Calibration was done by applying 
loads to the composite and measuring the position of the XRD lines from the A1 parti 
Loads were applied to produce strains in steps of 100 or 2 0 0 ~ 1 0 - ~  and the correspo 
strains from the Al particles measured at different inclination angles 
of residual stresses, coupons of 4 cm x 4 cm were cut. X-ray measurements were d 
different azimuth and inclination angles. The composite residual strain is fou 
replotting the particle strain as a function of composite strain and doin 
extrapolation. This procedure gave a matrix p-m stress of '18 MPa.., 
calculations based on the differential coefficient of thermal expansion giV 
stress of 25 MPa in the fibre direction. The experimentally obtained value is 
equal) to the theoretical value. Calculation of residual stress in these system 
method gives a matrix stress of 26 Mpa. The discrepancy can be qualitative 
to: (a) many particles are present in the 1,2 plane and quite likely the devel 
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residual stress is inhibited. (b) also the particle strains perpendicular to the fibre direction 
are not equal, which should have been the case if the matrix is unaffected by the 
crystalline particles. It is to be noted that unidirectional laminates containing no filler 
particles are transversely isotropic. The experimental measurements can, in principle, be 
improved by using fewer crystalline particles. But the use of fewer particles is beset with 
practical difficulties.' Although the measured values do differ slightly from the theoretical 
value, the XRD technique can be very effectively used to monitor the variation in 
composite strain caused by factors like moisture absorption. 
5. CONCLUSION 
X-ray diffraction provides a powerful technique for the evaluation of residual stresses. The 
method has been successfully used in a wide variety of cases. The x-ray diffraction 
method is applicable to crystalline materials like metals and ceramics. However, now the 
method can be applied to noncrystalline composite materials also by the introduction of an 
extremely thin layer of crystalline material during the fabrication. The ability of the method 
to measure stresses in the individual phases of a multiphase material is a major 
advantage of the technique. 
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